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Introduction
Early in history of rapid prototyping (RP), now often called 3D printing, development the parts produced were used by design engineers as 3D physical representations of the part model; those RP parts in general were fragile and dimensionally inaccurate with rough surface finish. Today, RP models are used not only for 3D representations but also for producing functional products that may be mechanically and physically examined in testing labs. Then, these product are used to perform its intended function in real application. The RP technology have advanced to the level to produce exceptionally accurate, durable parts, fabricated with a variety of materials using a number of prototyping methods. Though some of the RP technology is used to produce metal casting molds, there are apparent limitations on mold and/or core size and complexity of the structures. Other drawbacks are: relatively higher production cost, relatively slower production time, and lower precision and surface finish of the casting. A novel development in today's advanced RP technologies can lower cost and shorten lead times for high or low volume casting jobs directly from 3-D model. On one side this technology is capable of reduce the cost of lower volume production, while on the other side by providing high quality it can stay competitive with traditional machining for projects running low volumes, down to a single casting [1] .
Schematic

Disadvantages
This research and experiments involved many undergraduate students working on several senior design projects for more than 10 years. Further, as the techniques advanced, master and Ph. D students took part of the research, development, and implementation of this technology.
Current Technologies in Rapid Prototyping Industry
Today there are numerous RP technologies available to produce 3D prototypes. These technologies may be divided into two major categories based on the functionality of the parts they produce. The first category of parts produced by RP processes are non-functional and are just 3D representations of the 3D model design. Such processes have shorter lead production time but the parts are not functional and can't be mechanically or physically tested. The second category consists of RP processes that produce functional prototypes that are close representatives of the final product and can be tested both mechanically and physically. Customers using prototyping technology find themselves faced with this tough choice of compromising between lead time, quality, and functionality.
In the case of RP for castings the requirements for functional prototypes are even higher especially for highly complex cavity shapes and structures, strength and rigidity of mold material, high level of precision and surface finish of the parts. Some of the prototyping methods available to customers today may be tabulated as shown in the table above. 
Hybrid MMM/IRS RP system
Although some of the existing RP system can be used to produce complex shapes for casting they still has similar basic shortcoming like, low precision and surface finish quality, and long production cycle. This was the reason behind this research to create a hybrid RP system that combines the advantages of previously developed IRS and MMM technologies.
The hybrid MMM/IRS system utilizes a special machineable molding material and a CNC machine, as shown in the last column of the table and Figure 1 above. The machineable mold material is placed and preheated in a hopper. Then, it is extruded in thin beads in layers while an infrared light source cures the resin. As each layer is cured a machining tool makes the necessary cuts before a new layer is placed on top of the previous one thus producing a complex shape and providing high quality. This process is repeated for each layer until the mold is complete. The mold maybe later coated with the appropriate coating to enhance the surface finish and reduce gas associated defects. Finally, the mold is dried and poured.
The next step is producing a cast part. Since the process of casting and mold design is very complicated, analyses and simulations must be performed beforehand to assure quality parts. The College of Engineering at Western Michigan University (WMU) is licensed with the most advanced CAD/CAM, FEM, gating and risers design and solidification software, that will be used to validate the design and process of the part before the actual prototyping. These simulation and processing software are used by both undergraduate and graduate students in their studies and research.
Functional casting prototypes process phases
The process flowchart, shown in Figure 2 , represents the step-by-step procedure followed in order to create the desired sand molds to obtain functional prototypes and replacement parts, following the hybrid rapid manufacturing technique. Step-by-step procedure flowchart
Methodology
Methodology description
The sand specimen implemented in this approach was comprised of a thermosetting resin coated carbon shell sand, to enhance the heat transfer between the top and bottom layers. Due to its high heat absorption, the carbon shell sand when exposed to the high intensity light enabled the sintering and curing of up to 8-mm thick layers in a single pass. The ability to cure thicker layers can lead to much higher throughputs for current 3D printing techniques, where the layer-by-layer deposition of sand-binder system is restricted to comparatively much lower layer thicknesses in a single pass. At the same time the hardened carbon shell sand is and easy machinable material that doesn't wear the tool or machine components.
A designed model needs to be modified for the purposes of molding and casting. The required model, if exists, can be acquired from the customer otherwise a new model must be done with a CAD system or reversed engineered and modified from a similar part [5] . A special extruder for extruding the layers of machineable mold material was designed and fabricated. The molding material in conjunction with the part design will require solidification simulation analysis, using solidification software, to machine the mold without the constraints imposed by the cavity size as was the case in MMM RP. 
Results and discussions
Due the capabilities in the area of metal casting and material analysis at WMU we are able to design, produce and test the system in short time. Students at WMU have hands-on experience with simulation and lab equipment and are able to perform all processes required in this research. Labs are equipped with machinery, tooling, and test equipment for a range of materials. After near-net casting, parts undergo material testing to certify metal chemistry, mechanical properties, and metallurgical examination to assure microstructure. The MMM RP system was build and tested piecewise. New method of fast curing of the MMM has been developed and applied successfully creating complex casting parts.
This project has captured the interest and attention of several companies involved in casting supplies and rapid prototyping such as Fairmount Minerals who supply the mold making materials. SPX Corporation provided support in the testing phase. A patent filing was placed for the technology and WMU hold the Intellectual property on it. Several students and faculty were involved in this process. Successful initial design, molds and casting part were produced, see Figure 4 . The layered experimental analysis suggests that the proposed media for the light cured system possess the desired physical, mechanical and thermo-mechanical properties. Figure 5 . shows a complex mold cavity and a casted part obtained thereof using the hybrid rapid casting approach for castability. These single and double-layered light cured sand specimens are quite stable at elevated temperatures, as revealed from the thermal distorting testing. 
